
Published on Web Date: November 04, 2009

r 2009 American Chemical Society 155 DOI: 10.1021/cn900025j |ACS Chem. Neurosci. (2010), 1, 155–164

pubs.acs.org/acschemicalneuroscience Article

Evolution of the Bifunctional Lead μ Agonist/δ Antagonist
Containing the 20,60-Dimethyl-L-tyrosine-1,2,3,4-
Tetrahydroisoquinoline-3-carboxylic Acid (Dmt-Tic)
Opioid Pharmacophore

Gianfranco Balboni,*,^ Severo Salvadori, ) Claudio Trapella, ) Brian I. Knapp,‡

Jean M. Bidlack,‡ Lawrence H. Lazarus,§ Xuemei Peng,† and John L. Neumeyer*,†

^Department of Toxicology, University of Cagliari, I-09124, Cagliari, Italy, )Department of Pharmaceutical Sciences and Biotechnology
Center, University of Ferrara, I-44100 Ferrara, Italy, ‡Department of Pharmacology and Physiology, School of Medicine and Dentistry,
University of Rochester, Rochester, New York 14642, §Medicinal Chemistry Group, Laboratory of Pharmacology, National Institute of
Environmental Health Sciences, Research Triangle Park, North 6 Carolina 27709, and †Alcohol and Drug Abuse Research Center,
McLean Hospital, Harvard Medical School, 115 Mill Street, Belmont, Massachusetts 02478

Abstract

Based on a renewed importance recently attributed to bi-
or multifunctional opioids, we report the synthesis and
pharmacological evaluation of some analogues derived
from our lead μ agonist/δ antagonist, H-Dmt-Tic-Gly-
NH-Bzl (Dmt=20,60-dimethyl-L-tyrosine, Tic=1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid, Bzl=benzyl).
Our previous studies focused on the importance of the
C-teminal benzyl function in the induction of suchbifunc-
tional activity. The introduction of some substituents in
the para position of the phenyl ring (-Cl, -CH3, parti-
ally -NO2, inactive -NH2) was found to give a more
potent μ agonist/antagonist effect associated with a rela-
tivelyunmodifiedδantagonist activity (pA2=8.28-9.02).
Increasing the steric hindrance of the benzyl group (using
diphenylmethyl and tetrahydroisoquinoline functiona-
lities) substantially maintained the μ agonist and δ an-
tagonist activities of the lead compound.Finally andquite
unexpectedly D-Tic2, considered as a wrong opioid mes-
sage now, inserted into the reference compound in lieu of
L-Tic provided a μ agonist/δ agonist better than our
reference ligand (H-Dmt-Tic-Gly-NH-Ph; Ph = phenyl)
and was endowed with the same pharmacological profile.

Keywords: Bifunctional opioids, Dmt-Tic pharmaco-
phore, opioid peptides, opioid receptors, angiogenesis,
tolerance

R
ecently, bifunctional opioids characterized by
a μ agonist/δ antagonist pharmacological pro-
file are gaining renewed importance as poten-

tial drugs for the treatment of pain on the basis of their
low propensity to induce tolerance and physical depen-
dence (1-3). Furthermore, a project involving the use of
our lead μ agonist/δ antagonist H-Dmt-Tic-Gly-NH-
Bzl (4), (coded UFP-505) in the treatment of pain
resulting from cancer was funded by the University of
Leicester (UK) [https://swww2.le.ac.uk/ebulletin/news/
press-releases/2000-2009/2008/12/nparticle.2008-12-05.
9756874495].

In the 1990s, a series of articles demonstrated the
potential utility of bifunctional ligands in pain relief
with lower central or peripheral side effects (5-14).
Although the majority of opioids act directly on
the central nervous system to relieve pain, their activities
on peripheral tissues are responsible for many of the
secondary complications associated with the manage-
ment of pain. A recently recognized peripheral effect
of opioids and their receptors is the promotion of
angiogenesis-dependent tumor growth (15). Opioids at
physiologically relevant concentrations promote angio-
genesis in vitro, as well as in breast cancer and in
wound healing in rodents (16-18). Although naloxone
and naltrexone can inhibit tumor growth in rodents
(16, 19, 20), nonselective opioid antagonists cannot be
used to counteract the unwanted effects of opioids
without also compromising analgesia in a clinical
setting. Therefore, it is important to identify agents
that maintain the analgesic effect of opioids while
inhibiting their angiogenic effect. This goal could be
reached, for example, through the coadministration
of morphine and the δ selective antagonist naltrin-
dole, instead of the nonselective antagonists naloxone
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or naltrexone. Considering that bifunctional ligands
may have advantages compared with drug com-
binations, such as more predictable pharmacokinetic
and pharmacodynamic relationship as a consequence
of the administration of a single drug (1), we focused
our attention on the leadμ agonist/δ antagonistH-Dmt-
Tic-Gly-NH-Bzl (4) as a potential analgesic displaying
a lower induction of tolerance, a lower physical depen-
dence, and a lower angiogenetic propensity compared
with morphine. In previous studies regarding the
Dmt-Tic opioid pharmacophore, it was demon-
strated that the importance of the C-terminal group
in the induction of different pharmacological profiles
were as follows: -NH-Ph, μ agonist/δ agonist (4);
-NH-Bzl, μ agonist/δ antagonist (4); and -NH-CH2-Bid

(4), -NH-CH(CH3)-Bid (21), -NH-CH(CH2-COOH)-
Bid (21), δ agonists.

On the basis of the new interest in opioid bifunctional
μ agonist/δ antagonist ligands, it would be valuable to
increase the numberof compounds endowedwith sucha
profile for more thorough pharmacological investiga-
tions in the future. As a result, H-Dmt-Tic-Gly-NH-Bzl
(1) was selected as a starting point for the synthesis of
some new analogues modified on the C-terminal benzyl
group. A minireview by Schiller et al. (22) prompted us
to evaluate the electronic and steric hindrance effects by
inserting electron-donating or -withdrawing groups
in the para position of the phenyl ring (3-6) and by
the employment of benzyl surrogates (7, 8). Finally,
although the Tyr/Dmt-D-Tic pharmacophore is considered

Scheme 1. General Synthetic Method for Compounds 2-8
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to contain the wrong stereochemistry (23-25), our
curiosity encouraged us to synthesize the diastereomer
of the lead compound (1), which resulted in the forma-
tion of H-Dmt-D-Tic-Gly-NH-Bzl (2).

Chemistry

All peptides (2-8) were prepared stepwise in solution
using conventional synthetic methods as outlined in
Scheme 1. Boc-Gly-OH was condensed with either
benzylamine, a para-substituted derivative, or a benzyl
surrogate (containing a diphenylmethyl or a tetrahy-
droisoquinoline functionality) via a mixed carbonic
anhydride.EachBoc-protected intermediatewas depro-
tected with TFA and condensed with Boc-Tic-OH or
Boc-D-Tic-OH via WSC/HOBt. After Tic deprotection
by TFA, the dipeptides were subsequently condensed
with Boc-Dmt-OH via WSC/HOBt. Final removal of
the N-terminal protecting groups using TFA gave the
crude final compounds (2-5, 7, and 8). Compound 6

was obtained by catalytic hydrogenation of the para-

nitrobenzyl group of compound 5. All peptides were
purified by reverse-phase preparative HPLC.

Results and Discussion

Receptor Affinity Analysis
The tripeptides (1-8) were evaluated for their

affinity and selectivity for μ, δ, and κ opioid receptors
using Chinese hamster ovary (CHO) cell membranes
stably expressing the opioid receptors. The data are
summarized in Table 1. All compounds (1-8) had
nanomolar or subnanomolar affinity for both μ (Ki=
0.068-4.5 nM) and δ (Ki=0.26-3.2 nM) receptors.
Only the para-aminobenzyl analogue (6) resulted in a
lower μ affinity (Ki=34 nM). As expected for peptides
containing the Dmt-Tic pharmacophore, κ affinity
was low (Ki= 11-750 nM). However, the reference
compound (1) and its diastereomer (2) containing the
C-terminal unmodified benzyl amide yielded higher κ
affinity (39 and 11 nM, respectively). Only diastereomer
2, containing D-Tic, appears to be weakly μ selective

Table 1. Ki Values of the Inhibition of μ, δ and κ Opioid Binding to CHO Membranes

a See Methods section. The Kd values for [
3H]DAMGO, [3H]U69,593, and [3H]naltrindole were 0.56, 0.34, and 0.10 nM, respectively. These values

were used to calculate the Ki values.
b Selectivity = Ki

δ/Ki
μ.
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(Ki
δ/Ki

μ=47.1) whereas all other compounds (1, 3-8)
are substantially less selective (Ki

μ/Ki
δ=1.82-17).

Functional Bioactivity
Table 2 indicates the agonist and antagonist proper-

ties of the new compounds (1-8) in stimulating [35S]-
GTPγS binding mediated by the μ and δ opioid recep-
tors; [35S]-GTPγSbindingmediatedbyκ receptors is not
reported due to their low binding affinity data (Table 1).
This newdata confirmed theμ agonist (EC50=19nM)/δ
antagonist (IC50 = 1.3 nM) activity of the reference
compound 1 in comparison with the old data obtained
using functional pharmacological assays (GPI, EC50=
2.69 nM; MVD, Ke =0.56 nM) (4). Compound 3,
bearing a chlorine atom at the para position of the
benzyl amide, exhibited an agonist effect on μ receptors
(EC50=33nM) comparable to other μ agonists contain-
ing the Dmt-Tic pharmacophore (26), a low but poten-
tially interesting μ antagonist effect (IC50=460 nM),
and a potent δ antagonist effect (IC50 = 0.95 nM).
Compounds 4 and 5, containing methyl and nitro
groups, respectively, in the para position, had a similar
but less interesting behavior, especially toward μ recep-
tors. Compound 6 exhibited δ antagonist activity; how-
ever the functional bioactivity on μ receptors was not
evaluated due to its poor affinity. Compounds 7 and 8

containingC-terminal benzyl amide surrogates revealed
a μ agonism/δ antagonism behavior very similar to the
reference compound 1. Finally, H-Dmt-D-Tic-Gly-
NH-Bzl 2, which incorporated D-Tic, unexpectedly dis-
played a potent μ agonist (EC50=0.9 nM)/δ agonist
(EC50 = 2.8 nM) opioid activity, superimposable to
μ agonist/δ agonist lead compound H-Dmt-Tic-Gly-
Ph (GPI, EC50=2.57 nM; MVD, EC50=3.02 nM) (4).

Conclusions

In this SAR study, our attention was focused on the
elaboration of the C-terminal benzyl amide of our lead
μ agonist/δ antagonist H-Dmt-Tic-Gly-NH-Bzl (4).
This amide functionality, considered responsible for
the pharmacological profile in peptides containing the
Dmt-Tic pharmacohore, was modified by the addition
of electron-withdrawing or -donating groups in the para
position or by increasing its steric hindrance. The
pharmacological characterization of these analogues
gave some interesting results: (1) affinities for the μ, δ,
and κ opioid receptors from CHO cell membranes and
agonist/antagonist properties determined by stimulat-
ing [35S]-GTPγS binding confirmed the previous data
reported for the reference compound 1 using brain P2

synaptosomalmembranes for affinity data andGPI and
MVD tissues for agonism/antagonism (4); (2) the in-
troduction of substituents in the para position of the
phenyl ring and the increase of the steric hindrance
further decreased the low κ affinity of the unmodified
benzyl amide; (3) compound 3, containing the para-
chlorobenzyl amide functionality, displayed the same
μ agonist/δ antagonist profile of compound 1 and
showed that a low μ antagonism could be useful in the
trafficking of these receptors, thus avoiding their inter-
nalization without decreasing their analgesic effect
(27-29); (4) compound 2 containing D-Tic2 can be
considered a derivative of the almost forgotten (Tyr)/
Dmt-D-Tic pharmacophore (23-25). Initially, (Tyr)/
Dmt-Tic and (Tyr)/Dmt-D-Tic were considered equally
important opioid pharmacophores; in fact H-Tyr-Tic-
NH2(24) and H-Tyr-D-Tic-NH2 (24) are commercially
available as selective δ antagonist and nonselective

Table 2. EC50 and Emax Values for the Stimulation of [35S]GTPγS Binding and IC50 and Imax Values for the
Inhibition of Agonist-Stimulated [35S]GTPγS Binding to the Human μ and δ Opioid Receptorsa

agonism antagonism

μ δ μ δ

compd EC50 (nM) Emax (%) EC50 (nM) Emax (%) IC50 (nM) Imax (%) IC50 (nM) Imax (%)

1 19( 1.9 84 ( 10 c 6.8( 1.8 b b 1.3( 0.031 95( 1.1

2 0.90( 0.032 92( 4.0 2.8( 0.60 44 ( 6.1 b b b b

3 33( 2.9 52 ( 5.5 c 4.5( 0.85 460( 93 43( 3.3 0.95( 0.058 93( 2.2

4 63( 3.5 34( 6.4 c 0.4( 1.43 820( 150 65( 1.1 at 25 μMe 1.0( 0.28 86( 5.0

5 61( 15 16( 2.5 c 3.1( 0.43 810( 27.0 74( 6.9 1.6( 0.76 79( 3.8

6 d d c 13( 1.0 d d 5.2( 0.13 78( 2.7

7 4.8( 0.16 45( 1.2 c -1.9( 0.17 b b 8.3( 0.26 100( 7.4

8 22( 6.8 43( 6.6 c -1.4 ( 0.14 b b 2.3( 0.27 99( 3.3

a See Methods section. Data are the mean Emax and EC50 values (SEM from at least three separate experiments, performed in triplicate). For
calculationof theEmax values, the basal [

35S]GTPγSbindingwas set at 0%. bNo inhibition. cNot active. dNot tested. eCompound4 at a concentration of
25 μM inhibited 65%( 1.1% of DAMGO-stimulated [35S]GTPγS binding. An IC50 value was not reported because higher concentrations could not be
usedwithout having theDMSOvehicle interfere with the assay.A concentration of 200 nMDAMGO,which gave 96%( 3.1% stimulation, was used to
measure inhibition ofDAMGO-stimulated [35S]GTPγS binding. A concentration of 100 nMU50,488, which gave 64%( 1.9% stimulation, was used to
measure inhibition ofU50,488-stimulated [35S]GTPγSbinding, and 10nMSNC80,which gave 66%( 4.3%stimulation,was used tomeasure inhibition
of [35S]GTPγS binding, mediated by the δ opioid receptor.
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μ agonist, respectively. Regarding the (Tyr)/Dmt-D-Tic
pharmacophore, to the best of our knowledge only 12
analogues, which were not completely pharmacologi-
cally characterized were published from 1992 to 1995
(23-25) potentially due to being considered to contain
the wrong stereochemistry. Unexpectedly, the new ana-
logue H-Dmt-D-Tic-Gly-NH-Bzl (2) was endowed with
interesting bifunctional μ/δ agonist activity comparable
to H-Dmt-Tic-Gly-NH-Ph(4) and confirmed the non-
selective μ agonist activity evidenced years ago (24). On
the basis of the new trend in opioid medicinal chemistry
regarding the synthesis of bi- ormultifunctional ligands,
(1-3) the last two compoundsmentioned above require
more detailed pharmacological in vivo studies. In fact,
Negus et al. stated that “delta opioid agonists can
selectively enhance the antinociceptive effects of mu
opioid agonists without enhancing some other, poten-
tially undesirable mu agonist effects” (30). In summary,
it appears that an increase in the steric hindrance of the
benzyl amide function does not influence the activity;
a substituent in the para position can induce further
μ antagonism, and D-Tic2, at least in this case, can
reverse a δ antagonism into δ agonism without afffect-
ing the μ activity.

Methods

Chemistry
General Methods. Crude peptides and pseudopeptides

were purified by preparative reversed-phase HPLC [Waters
Delta Prep 4000 system with Waters Prep LC 40 mm
Assembly column C18 (30 cm � 4 cm, 15 μm particle)] and
eluted at a flow rate of 20 mL/min with mobile phase solvent
A (10% acetonitrile þ 0.1% TFA in H2O, v/v), and a linear
gradient from 10% to 60% B (60%, acetonitrile þ 0.1%
TFA inH2O, v/v) in 25 min. Analytical HPLC analyses were
performed with a Beckman System Gold (Beckman ultra-
sphere ODS column, 250 mm � 4.6 mm, 5 μm particle).
Analytical determinations and capacity factor (K0) of the
products used HPLC in solvents A and B programmed at
flow rate of 1 mL/min with linear gradients from 0% to
100%B in 25min. Analogues had less than 5% impurities at
220 and 254 nm.

TLC was performed on precoated plates of silica gel F254
(Merck, Darmstadt, Germany): (A) 1-butanol/AcOH/H2O
(3:1:1, v/v/v); (B) CH2Cl2/toluene/methanol (17:1:2); ninhy-
drin (1% ethanol, Merck), fluorescamine (Hoffman-La
Roche), and chlorine spray reagents. Melting points were
determined on a Kofler apparatus and are uncorrected.
Optical rotations were assessed at 10 mg/mL in meth-
anol with a Perkin-Elmer 241 polarimeter in a 10 cm water-
jacketed cell. Molecular weights of the compounds were
determined by a MALDI-TOF analysis (Hewlett-Packard
G2025A LD-TOF system mass spectrometer) and R-cyano-
4-hydroxycinnamic acid as a matrix. 1H NMR (δ) spectra
were measured, when not specified, in DMSO-d6 solution
using a Bruker AC-200 spectrometer, and peak positions are

given in parts per million downfield from tetramethylsilane as
internal standard. The purity of tested compounds was de-
termined by combustion elemental analyses conducted by the
Microanalytical Laboratory of the Chemistry Department,
University of Ferrara, with a Yanagimoto MT-5 CHN re-
corder elemental analyzer. All tested compounds possess a
purity of at least 95% of the theoretical values.

Boc-D-Tic-Gly-NH-Bzl. To a solution of Boc-D-Tic-OH
(0.2 g, 0.72 mmol) and TFA 3H-Gly-NH-Bzl (31) (0.2 g,
0.72 mmol) in DMF (10 mL) at 0 �C, NMM (0.08 mL, 0.72
mmol), HOBt (0.12 g, 0.79 mmol), and WSC (0.15 g, 0.79
mmol) were added. The reaction mixture was stirred for 3 h
at 0 �C and 24 h at room temperature. After DMF was
evaporated, the residue was dissolved in EtOAc and washed
with citric acid (10% in H2O), NaHCO3 (5% in H2O), and
brine. The organic phasewas dried (Na2SO4) and evaporated
to dryness. The residue was precipitated from Et2O/Pe
(1:9, v/v): yield 0.26 g (85%); Rf(B) 0.72; HPLC K0 11.02;
mp 123-125 �C; [R]D20 þ35.2;m/z 425 (MþH)þ; 1H NMR
(DMSO-d6) δ 1.39-1.41 (d, 9H), 2.92-3.17 (m, 2H),
4.09-4.27 (m, 4H), 4.46-4.92 (m, 3H), 6.96-7.14 (m, 9H).

TFA 3H-D-Tic-Gly-NH-Bzl.Boc-D-Tic-Gly-NH-Bzl (0.21g,
0.5 mmol) was treated with TFA (1.5 mL) for 0.5 h at room
temperature. Et2O/Pe (1:1, v/v) were added to the solution
until the product precipitated: yield 0.21 g (94%); Rf(A)
0.38; HPLC K0 6.14; mp 151-153 �C; [R]D20 þ30.8; m/z 324
(M þ H)þ.

Boc-Dmt-D-Tic-Gly-NH-Bzl. To a solution of Boc-Dmt-
OH (0.05 g, 0.16 mmol) and TFA 3H-D-Tic-Gly-NH-Bzl
(0.07 g, 0.16 mmol) in DMF (10 mL) at 0 �C, NMM (0.02 mL,
0.16 mmol), HOBt (0.03 g, 0.18 mmol), and WSC (0.04 g,
0.18 mmol) were added. The reaction mixture was stirred for
3 h at 0 �C and 24 h at room temperature. After DMF was
evaporated, the residue was dissolved in EtOAc and washed
with citric acid (10% in H2O), NaHCO3 (5% in H2O), and
brine. The organic phasewas dried (Na2SO4) and evaporated
to dryness. The residue was precipitated from Et2O/Pe
(1:9, v/v): yield 0.08 g (83%); Rf(B) 0.64; HPLC K0 9.82;
mp 138-140 �C; [R]D20 þ20.2;m/z 616 (MþH)þ; 1H NMR
(DMSO-d6) δ 1.39-1.41 (d, 9H), 2.35 (s, 6H), 2.92-3.17 (m,
4H), 4.09-4.51 (m, 6H), 4.90-4.94 (m, 2H), 6.29 (s, 2H),
6.96-7.14 (m, 9H).

TFA 3H-Dmt-D-Tic-Gly-NH-Bzl (2). Boc-Dmt-D-Tic-Gly-
NH-Bzl (0.05 g, 0.08 mmol) was treated with TFA (1 mL)
for 0.5 h at room temperature. Et2O/Pe (1:1, v/v) were added to
the solution until the product precipitated: yield 0.05 g (97%);
Rf(A) 0.41; HPLC K0 5.21; mp 147-149 �C; [R]D20þ21.5;m/z
516 (MþH)þ; 1HNMR(DMSO-d6) δ 2.35 (s, 6H), 2.92-3.17
(m, 4H), 3.93-3.97 (m, 1H), 4.09-4.51 (m, 6H), 4.90-4.94 (m,
1H), 6.29 (s, 2H), 6.96-7.14 (m, 9H). Anal. C32H35F3N4O6: C;
H; N.

Boc-Gly-NH-Bzl(pCl). A solution of Boc-Gly-OH (0.5 g,
2.86 mmol) and NMM (0.31 mL, 2.86 mmol) in DMF
(10 mL) was treated at -20 �C with isobutyl chloroformate
(IBCF, 0.37 mL, 2.86 mmol). After 10 min at -20 �C,
4-chlorobenzylamine (0.35 mL, 2.86 mmol) was added.
The reaction mixture was allowed to stir while slowly
warming to room temperature (1 h) and was then stirred
for 3 h. The solvent was evaporated, and the residue was
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partitioned between EtOAc and H2O. The AcOEt layer was
washed with citric acid (10% in H2O), NaHCO3 (5% in
H2O), and brine. The organic phase was dried (Na2SO4) and
evaporated to dryness. The residue was precipitated from
Et2O/Pe (1:9, v/v): yield 0.76 g (89%); Rf(B) 0.42; HPLC K0

4.25; mp 110-112 �C;m/z 300 (MþH)þ; 1HNMR (DMSO-
d6) δ 1.40 (s, 9H), 3.83-3.87 (d, 2H), 4.46 (s, 2H), 7.00-7.15
(m, 4H).

TFA 3H-Gly-NH-Bzl(pCl).Boc-Gly-NH-Bzl(pCl) (0.71 g,
2.37 mmol) was treated with TFA (2.5 mL) for 0.5 h at room
temperature. Et2O/Pe (1:1, v/v) was added to the solution
until the product precipitated: yield 0.69 g (93%);Rf(A) 0.39;
HPLC K0 3.67; mp 126-128 �C; m/z 200 (M þ H)þ.

Boc-Tic-Gly-NH-Bzl(pCl). This intermediate was obtained
by condensation of Boc-Tic-OH with TFA 3H-Gly-NH-Bzl-
(pCl) via WSC/HOBt as reported for Boc-D-Tic-Gly-NH-Bzl:
yield 0.52 g (88%); Rf(B) 0.81; HPLC K0 11.15; mp 131-
133 �C; [R]D20-30.2;m/z459 (MþH)þ; 1HNMR(DMSO-d6)
δ 1.38-1.42 (d, 9H), 2.92-3.17 (m, 2H), 4.09-4.27 (m, 4H),
4.46-4.92 (m, 3H), 6.96-7.15 (m, 8H).

TFA 3H-Tic-Gly-NH-Bzl(pCl). Boc-Tic-Gly-NH-Bzl(pCl)
was treated with TFA as reported for TFA 3H-D-Tic-Gly-
NH-Bzl: yield 0.3 g (90%); Rf(A) 0.43; HPLC K0 6.51; mp
156-158 �C; [R]D20 -28.6; m/z 359 (M þ H)þ.

Boc-Dmt-Tic-Gly-NH-Bzl(pCl). This intermediate was
obtained by condensation of Boc-Dmt-OH with TFA 3H-
Tic-Gly-NH-Bzl(pCl) via WSC/HOBt as reported for Boc-
Dmt-D-Tic-Gly-NH-Bzl: yield 0.12 g (85%); Rf(B) 0.70;
HPLC K0 9.91; mp 144-146 �C; [R]D20 -20.5; m/z 650
(M þ H)þ; 1H NMR (DMSO-d6) δ 1.38-1.42 (d, 9H), 2.35
(s, 6H), 2.92-3.17 (m, 4H), 4.09-4.51 (m, 6H), 4.90-4.94
(m, 2H), 6.29 (s, 2H), 6.96-7.15 (m, 8H).

TFA 3H-Dmt-Tic-Gly-NH-Bzl(pCl) (3). Boc-Dmt-Tic-
Gly-NH-Bzl(pCl) was treated with TFA as reported for
TFA 3H-Dmt-D-Tic-Gly-NH-Bzl: yield 0.07 g (96%); Rf(A)
0.46; HPLC K0 5.36; mp 155-157 �C; [R]D20 -18.6; m/z 550
(M þ H)þ; 1H NMR (DMSO-d6) δ 2.35 (s, 6H), 2.92-3.17
(m, 4H), 3.95-4.09 (m, 3H), 4.41-4.51 (m, 4H), 4.91-4.93
(m, 1H), 6.29 (s, 2H), 6.96-7.15 (m, 8H). Anal. C32H34-
ClF3N4O6: C; H; N.

Boc-Gly-NH-Bzl(pMe). This intermediate was obtained
by condensation of Boc-Gly-OH with 4-methylbenzylamine
via mixed carbonic anhydride as reported for Boc-Gly-NH-
Bzl(pCl): yield 0.72 g (86%); Rf(B) 0.45; HPLC K0 4.36; mp
119-121 �C;m/z 279 (MþH)þ; 1HNMR(DMSO-d6) δ 1.40
(s, 9H), 2.35 (s, 3H), 3.83-3.87 (d, 2H), 4.46 (s, 2H),
6.94-7.13 (m, 4H).

TFA 3H-Gly-NH-Bzl(pMe). Boc-Gly-NH-Bzl(pMe) was
treatedwithTFAas reported for TFA 3H-Gly-NH-Bzl(pCl):
yield 0.57 g (91%);Rf(A) 0.43;HPLCK0 3.74;mp 133-135 �C;
m/z 179 (M þ H)þ.

Boc-Tic-Gly-NH-Bzl(pMe). This intermediate was ob-
tained by condensation of Boc-Tic-OH with TFA 3H-Gly-
NH-Bzl(pMe) via WSC/HOBt as reported for Boc-D-Tic-
Gly-NH-Bzl: yield 0.46 g (87%); Rf(B) 0.84; HPLC K0 11.23;
mp 133-135 �C; [R]D20 -28.4; m/z 439 (M þ H)þ; 1H NMR
(DMSO-d6) δ 1.38-1.42 (d, 9H), 2.35 (s, 3H), 2.92-3.17
(m, 2H), 4.09-4.27 (m, 4H), 4.46-4.92 (m, 3H), 6.94-7.02
(m, 8H).

TFA 3H-Tic-Gly-NH-Bzl(pMe). Boc-Tic-Gly-NH-Bzl(pMe)
was treated with TFA as reported for TFA 3H-D-Tic-Gly-NH-
Bzl: yield 0.27 g (93%); Rf(A) 0.47; HPLC K0 6.62; mp 163-
165 �C; [R]D20 -26.8; m/z 338 (Mþ H)þ.

Boc-Dmt-Tic-Gly-NH-Bzl(pMe). This intermediate was
obtained by condensation of Boc-Dmt-OH with TFA 3H-
Tic-Gly-NH-Bzl(pMe) via WSC/HOBt as reported for Boc-
Dmt-D-Tic-Gly-NH-Bzl: yield 0.11 g (87%); Rf(B) 0.72;
HPLC K0 9.95; mp 149-151 �C; [R]D20 -18.3; m/z 630
(M þ H)þ; 1H NMR (DMSO-d6) δ 1.38-1.42 (d, 9H), 2.34
(s, 6H), 2.38 (s, 3H), 2.92-3.17 (m, 4H), 4.09-4.51 (m, 6H),
4.90-4.94 (m, 2H), 6.29 (s, 2H), 6.94-7.02 (m, 8H).

TFA 3H-Dmt-Tic-Gly-NH-Bzl(pMe) (4). Boc-Dmt-Tic-
Gly-NH-Bzl(pMe) was treated with TFA as reported for
TFA 3H-Dmt-D-Tic-Gly-NH-Bzl: yield 0.05 g (93%); Rf(A)
0.50; HPLC K0 5.42; mp 160-162 �C; [R]D20 -17.5; m/z 530
(MþH)þ; 1HNMR (DMSO-d6) δ 2.33 (s, 6H), 2.37 (s, 3H),
2.92-3.17 (m, 4H), 3.95-4.09 (m, 3H), 4.41-4.51 (m, 4H),
4.91-4.93 (m, 1H), 6.29 (s, 2H), 6.94-7.02 (m, 8H). Anal.
C33H37F3N4O6: C; H; N.

Boc-Gly-NH-Bzl(pNO2) (32).This intermediatewasobtained
by condensation of Boc-Gly-OH with 4-nitrolbenzylamine via
mixed carbonic anhydride as reported for Boc-Gly-NH-Bzl-
(pCl): yield 0.96 g (88%); Rf(B) 0.35; HPLC K0 4.08; mp
117-119 �C; m/z 310 (M þ H)þ; 1H NMR (DMSO-d6)
δ 1.40 (s, 9H), 3.83-3.87 (d, 2H), 4.46 (s, 2H), 7.32-8.07
(m, 4H).

TFA 3H-Gly-NH-Bzl(pNO2). Boc-Gly-NH-Bzl(pNO2) was
treated with TFA as reported for TFA 3H-Gly-NH-Bzl(pCl):
yield 0.85 g (94%);Rf(A) 0.33;HPLCK0 3.48;mp 134-136 �C;
m/z 210 (M þ H)þ.

Boc-Tic-Gly-NH-Bzl(pNO2).This intermediate was obtained
by condensation of Boc-Tic-OH with TFA 3H-Gly-NH-Bzl-
(pNO2) via WSC/HOBt as reported for Boc-D-Tic-Gly-NH-
Bzl: yield 0.73 g (87%); Rf(B) 0.75; HPLC K0 9.97; mp 136-
138 �C; [R]D20-24.6;m/z 469 (MþH)þ; 1HNMR(DMSO-d6)
δ 1.38-1.42 (d, 9H), 2.92-3.17 (m, 2H), 4.09-4.27 (m, 4H),
4.46-4.92 (m, 3H), 6.96-8.07 (m, 8H).

TFA 3H-Tic-Gly-NH-Bzl(pNO2). Boc-Tic-Gly-NH-Bzl-
(pNO2) was treated with TFA as reported for TFA 3H-D-
Tic-Gly-NH-Bzl: yield 0.61 g (93%); Rf(A) 0.39; HPLC K0

6.36; mp 161-163 �C; [R]D20 -23.4; m/z 369 (M þ H)þ.
Boc-Dmt-Tic-Gly-NH-Bzl(pNO2). This intermediate

was obtained by condensation of Boc-Dmt-OH with
TFA 3H-Tic-Gly-NH-Bzl(pNO2) via WSC/HOBt as re-
ported for Boc-Dmt-D-Tic-Gly-NH-Bzl: yield 0.34 g
(85%); Rf(B) 0.62; HPLC K0 8.85; mp 153-155 �C;
[R]D20 -16.6; m/z 661 (M þ H)þ; 1H NMR (DMSO-d6) δ
1.38-1.42 (d, 9H), 2.35 (s, 6H), 2.92-3.17 (m, 4H),
4.09-4.51 (m, 6H), 4.90-4.94 (m, 2H), 6.29 (s, 2H),
6.96-8.07 (m, 8H).

TFA 3H-Dmt-Tic-Gly-NH-Bzl(pNO2) (5). Boc-Dmt-Tic-
Gly-NH-Bzl(pNO2) was treated with TFA as reported for
TFA 3H-Dmt-D-Tic-Gly-NH-Bzl: yield 0.25 g (95%); Rf(A)
0.38; HPLC K0 5.03; mp 161-163 �C; [R]D20 -13.3; m/z 561
(M þ H)þ; 1H NMR (DMSO-d6) δ 2.35 (s, 6H), 2.92-3.17
(m, 4H), 3.95-4.09 (m, 3H), 4.41-4.51 (m, 4H), 4.91-4.93
(m, 1H), 6.29 (s, 2H), 6.96-8.07 (m, 8H). Anal. C32H34-
F3N5O8: C; H; N.
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2TFA 3H-Dmt-Tic-Gly-NH-Bzl(pNH2) (6). To a solution
of TFA 3H-Dmt-Tic-Gly-NH-Bzl(pNO2) (0.12 g, 0.18 mmol)
in methanol (30 mL) was added Pd/C (10%, 0.07 g), and H2

was bubbled for 1 h at room temperature.After filtration, the
solution was evaporated to dryness. The residue was crystal-
lized from Et2O/Pe (1:1, v/v): yield 0.12 g (90%); Rf(A) 0.34;
HPLC K0 4.82; mp 169-171 �C; [R]D20 -15.1;m/z 531 (Mþ
H)þ; 1H NMR (DMSO-d6) δ 2.35 (s, 6H), 2.92-3.17
(m, 4H), 3.95-4.09 (m, 3H), 4.41-4.51 (m, 4H), 4.91-4.93
(m, 1H), 6.29 (s, 2H), 6.34-7.02 (m, 8H). Anal. C34H37-
F6N5O8: C; H; N.

tert-Butyl (Benzhydrylcarbamoyl)methylcarbamate [Boc-
Gly-NH-Benzhydryl]. This intermediate was obtained by
condensation of Boc-Gly-OH with benzhydrylamine via
mixed carbonic anhydride as reported for Boc-Gly-
NH-Bzl(pCl): yield 0.68 g (85%); Rf(B) 0.58; HPLC K0

5.51; mp 127-129 �C; m/z 341 (M þ H)þ; 1H NMR
(DMSO-d6) δ 1.40 (s, 9H), 3.83-3.87 (d, 2H), 6.16 (s, 1H),
7.06-7.14 (m, 10H).

TFA 3H-Gly-NH-Benzhydryl. Boc-Gly-NH-benzhydryl
was treated with TFA as reported for TFA 3H-Gly-NH-
Bzl(pCl): yield 0.62 g (94%); Rf(A) 0.45; HPLC K0 4.21;
mp 135-137 �C; m/z 241 (M þ H)þ.

Boc-Tic-Gly-NH-Benzhydryl.This intermediatewas obtained
by condensation of Boc-Tic-OH with TFA 3H-Gly-NH-Benz-
hydryl via WSC/HOBt as reported for Boc-D-Tic-Gly-NH-Bzl:
yield 0.5 g (86%);Rf(B) 0.85; HPLCK0 11.24; mp 136-138 �C;
[R]D20 -20.6; m/z 501 (M þ H)þ; 1H NMR (DMSO-d6) δ
1.38-1.42 (d, 9H), 2.92-3.17 (m, 2H), 4.09-4.27 (m, 4H),
4.90-4.94 (m, 1H), 6.16 (s, 1H), 7.06-7.14 (m, 10H).

TFA 3H-Tic-Gly-NH-Benzhydryl. Boc-Tic-Gly-NH-Ben-
zhydryl was treated with TFA as reported for TFA 3H-D-
Tic-Gly-NH-Bzl: yield 0.35 g (92%); Rf(A) 0.52; HPLC K0

7.03; mp 161-163 �C; [R]D20 -21.2; m/z 400 (M þ H)þ.
Boc-Dmt-Tic-Gly-NH-Benzhydryl. This intermediate was

obtained by condensation of Boc-Dmt-OHwithTFA 3H-Tic-
Gly-NH-Benzhydryl via WSC/HOBt as reported for Boc-
Dmt-D-Tic-Gly-NH-Bzl: yield 0.15 g (83%); Rf(B) 0.78;
HPLC K0 10.05; mp 149-151 �C; [R]D20 -16.3; m/z 691 (M
þ H)þ; 1H NMR (DMSO-d6) δ 1.38-1.42 (d, 9H), 2.35 (s,
6H), 2.92-3.17 (m, 4H), 4.09-4.51 (m, 4H), 4.90-4.94 (m,
2H), 6.16 (s, 1H), 6.29 (s, 2H), 6.96-7.14 (m, 14H).

TFA 3H-Dmt-Tic-Gly-NH-Benzhydryl (7). Boc-Dmt-Tic-
Gly-NH-Benzhydryl was treated with TFA as reported for
TFA 3H-Dmt-D-Tic-Gly-NH-Bzl: yield 0.08 g (94%); Rf(A)
0.53; HPLC K0 5.51; mp 161-163 �C; [R]D20 -15.5; m/z 592
(M þ H)þ; 1H NMR (DMSO-d6) δ 2.35 (s, 6H), 2.92-3.17
(m, 4H), 3.95-4.09 (m, 3H), 4.41-4.51 (m, 2H), 4.91-4.93
(m, 1H), 6.16 (s, 1H), 6.29 (s, 2H), 6.96-7.14 (m, 4H). Anal.
C38H39F3N4O6: C; H; N.

tert-Butyl 2-(3,4-Dihydroisoquinolin-2(1H)-yl)-2-oxoethy-
lcarbamate [Boc-Gly-1,2,3,4-tetrahydroisoquinoline] (33).This
intermediate was obtained by condensation of Boc-Gly-OH
with 1,2,3,4-tetrahydroisoquinoline via mixed carbonic anhy-
dride as reported for Boc-Gly-NH-Bzl(pCl): yield 0.63 g
(83%); Rf(B) 0.51; HPLC K0 5.24; mp 125-127 �C; m/z 291
(M þ H)þ; 1H NMR (DMSO-d6) δ 1.40 (s, 9H), 2.79-2.83
(m, 2H), 3.53-3.85 (m, 4H), 4.44-4.48 (m, 2H), 6.96-7.02
(m, 4H).

TFA 3H-Gly-1,2,3,4-tetrahydroisoquinoline. Boc-Gly-1,2,
3,4-tetrahydroisoquinoline was treated with TFA as reported
for TFA 3H-Gly-NH-Bzl(pCl): yield 0.54 g (93%); Rf(A)
0.42; HPLC K0 4.14; mp 130-132 �C; m/z 191 (M þ H)þ.

Boc-Tic-Gly-1,2,3,4-tetrahydroisoquinoline. This inter-
mediate was obtained by condensation of Boc-Tic-OH with
TFA 3H-Gly-1,2,3,4-tetrahydroisoquinoline via WSC/HOBt
as reported for Boc-D-Tic-Gly-NH-Bzl: yield 0.46 g (88%);
Rf(B) 0.82;HPLCK0 11.00;mp132-134 �C; [R]D20-18.6;m/
z 451 (MþH)þ; 1H NMR (DMSO-d6) δ 1.38-1.42 (d, 9H),
2.81-3.17 (m, 4H), 3.51-3.55 (m, 2H), 4.09-4.27 (m, 4H),
4.44-4.48 (m, 2H), 4.90-4.94 (m, 1H), 6.96-7.02 (m, 8H).

TFA 3H-Tic-Gly-1,2,3,4-tetrahydroisoquinoline. Boc-Tic-
Gly-1,2,3,4-tetrahydroisoquinoline was treated with TFA
as reported for TFA 3H-D-Tic-Gly-NH-Bzl: yield 0.31 g
(92%); Rf(A) 0.46; HPLC K0 6.91; mp 153-155 �C; [R]D20

-19.3; m/z 350 (M þ H)þ.
Boc-Dmt-Tic-Gly-1,2,3,4-tetrahydroisoquinoline. This in-

termediate was obtained by condensation of Boc-Dmt-OH
with TFA 3H-Tic-Gly-1,2,3,4-tetrahydroisoquinoline via
WSC/HOBt as reported for Boc-Dmt-D-Tic-Gly-NH-Bzl:
yield 0.12 g (82%);Rf(B) 0.74;HPLCK0 9.86;mp 140-142 �C;
[R]D20 -17.8; m/z 642 (M þ H)þ; 1H NMR (DMSO-d6) δ
1.38-1.42 (d, 9H), 2.35 (s, 6H), 2.81-3.17 (m, 6H), 3.53 (m,
2H), 4.09-4.51 (m, 6H), 4.90-4.94 (m, 2H), 6.29 (s, 2H),
6.96-7.02 (m, 8H).

TFA 3H-Dmt-Tic-Gly-1,2,3,4-tetrahydroisoquinoline (8).
Boc-Dmt-Tic-Gly-1,2,3,4-tetrahydroisoquinoline was trea-
ted with TFA as reported for TFA 3H-Dmt-D-Tic-Gly-NH-
Bzl: yield 0.06 g (92%); Rf(A) 0.49; HPLC K0 5.26; mp
157-159 �C; [R]D20 -16.9; m/z 542 (M þ H)þ; 1H NMR
(DMSO-d6) δ 2.35 (s, 6H), 2.81-3.17 (m, 6H), 3.53 (m, 2H),
3.95-4.51 (m, 7H), 4.90-4.94 (m, 1H), 6.29 (s, 2H),
6.96-7.02 (m, 8H). Anal. C34H37F3N4O6: C; H; N.

Pharmacology
Radiolabeled Ligand Binding Assays. Binding assays used

to screen compounds are similar to those previously reported
(34). Membrane protein from CHO cells that stably ex-
pressed one type of the human opioid receptor were incu-
bated with 12 different concentrations of the compound in
the presence of either 1 nM [3H]U69,593 (35) (κ), 0.25 nM
[3H]DAMGO (36) (μ), or 0.2 nM [3H]naltrindole (37) (δ) in
a final volume of 1 mL of 50 mMTris-HCl, pH 7.5, at 25 �C.
Incubation times of 60 min were used for [3H]U69,593
and [3H]DAMGO. Because of a slower association of
[3H]naltrindole with the receptor, a 3 h incubation was used
with this radioligand. Samples incubated with [3H]naltrind-
ole also contained 10mMMgCl2 and 0.5mMphenylmethyl-
sulfonyl fluoride. Nonspecific binding was measured by
inclusion of 10 μM naloxone. The binding was terminated
by filtering the samples through Schleicher & Schuell no. 32
glass fiber filters using a Brandel 48-well cell harvester. The
filters were subsequently washed three times with 3 mL of
cold 50 mM Tris-HCl, pH 7.5, and were counted in 2 mL of
ScintiSafe 30% scintillation fluid. For [3H]naltrindole
and [3H]U69,593 binding, the filters were soaked in 0.1%
polyethylenimine for at least 60 min before use. IC50 values
were calculated by least-squares fit to a logarithm-probit
analysis. Ki values of unlabeled compounds were calculated
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from the equation Ki = (IC50)/(1 þ S) where S =
(concentration of radioligand)/(Kd of radioligand) (38).
Data are the mean ( SEM from at least three experiments
performed in triplicate.

[35S]GTPγS Binding Assays. In a final volume of 0.5 mL,
12 different concentrations of each test compound were
incubatedwith 10μg (δ) or 7.5μg (μ) ofCHOcellmembranes
that stably expressed either the humanδ orμ opioid receptor.
The assay buffer consisted of 50mMTris-HCl, pH7.4, 3mM
MgCl2, 0.2 mMEGTA, 3 μMGDP, and 100mMNaCl. The
final concentration of [35S]GTPγS was 0.080 nM. Nonspe-
cific binding was measured by inclusion of 10 μM GTPγS.
Binding was initiated by the addition of the membranes.
After an incubation of 60 min at 30 �C, the samples were
filtered through Schleicher & Schuell no. 32 glass fiber
filters. The filters were washed three times with cold
50 mM Tris-HCl, pH 7.5, and were counted in 2 mL of
Ecoscint scintillation fluid.Data are themeanEmax andEC50

values ( SEM from at least three separate experiments,
performed in triplicate. For calculation of the Emax values,
the basal [35S]GTPγS binding was set at 0%. To deter-
mine antagonist activity of a compound at the μ opioid
receptors, CHOmembranes expressing the μ opioid receptor
were incubated with 12 different concentrations of the
compound in the presence of 200 nM of the μ agonist
DAMGO. To determine whether a compound was an an-
tagonist at δ receptors, CHO membranes expressing the δ
receptor were incubated with 12 different concentrations of
the test compound in the presence of 10 nMof the δ-selective
agonist SNC 80.
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Abbreviations

In addition to those of the IUPAC-IUB Commission on
Biochemical Nomenclature (J. Biol. Chem. 1985, 260,
14-42), this paper uses the following additional symbols
and abbreviations: AcOEt, ethyl acetate; Boc, tert-butyloxy-

carbonyl; Bzl, benzyl; DAMGO, [D-Ala2,N-Me-Phe4,Gly-
ol5]enkephalin; DMF, N,N-dimethylformamide; DMSO-d6,
hexadeuteriodimethyl sulfoxide; Dmt, 20,60-dimethyl-L-tyrosine;
Et2O, diethyl ether; GPI, guinea pig ileum; HOBt, 1-hydro-
xybenzotriazole;HPLC, high-performance liquid chromatog-
raphy; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; MVD, mouse vas deferens;
NMM, 4-methylmorpholine; pA2, negative log of the molar
concentration required to double the agonist concentration to
achieve the original response; Pe, petroleum ether; Ph, phenyl;
TFA, trifluoroacetic acid; Tic, 1,2,3,4-tetrahydroisoquino-
line-3-carboxylic acid; TLC, thin-layer chromatography;
WSC, 1-ethyl-3-[(30-dimethyl)aminopropyl]-carbodiimide hy-
drochloride.
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